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ABSTRACT 
Leffelaar, P.A., 1993. Water movement, oxygen supply and biological processes on the aggregate scale. 
In: L. Brussaard and M.J. Kooistra (Editors), Int. Workshop on Methods of Research on Soil Struc-
ture/Soil Biota Interrelationships. Geoderma, 57: 143-165. 
An experimental respirometer system and a theoretical simulation model were developed to study 
the dynamics of water movement, oxygen supply and biological processes on the aggregate scale in 
unsaturated soil. 
The experimental system enables one to measure simultaneously the distribution of water, oxygen, 
and chemical substances as a function of space and time in an unsaturated, artificially made, homo-
geneous, cylindrical aggregate and the changes in atmospheric composition as a function of time in 
the chamber that contains the aggregate. Non-destructive measurements during an experiment in-
volve gamma ray attenuation, gas chromatography and polarography. Destructive measurements are 
performed at the end of an experiment in the form of chemical analyses of soil. 
The theoretical model enables one to calculate simultaneously the distribution of water, bacteria, 
gases (e.g. oxygen, carbon dioxide and molecular nitrogen), absolute soil atmospheric pressure and 
solutes (e.g. nitrate and glucose) as a function of space and time for exactly the same cylindrical 
geometry as in the experimental set up. Also, the changes in atmospheric composition as a function 
of time in the chamber that contains the aggregate are calculated. Except for water transport, all pro-
cesses are caused by microbial activity, since roots are absent in the aggregate. 
The respirometer system was designed to generate coherent data sets to evaluate the simulation 
model, while the model was needed to more completely interpret the data obtained from the 
experiments. 
The reported experiment shows that hysteresis in the soil water characteristic strongly affects the 
water distribution in the aggregate. As a result, the oxygen supply to the interior of the aggregate is 
decreased to such an extent, that anaerobiosis is maintained there after the oxygen is consumed. 
The respiratory quotient (RQ) was about one in the experiment, although one would expect larger 
values in partially anaerobic soil. Therefore, the RQ does not seem a sensitive measure to decide 
whether a soil is partially anaerobic. Nevertheless, the consumption rate of oxygen and the production 
rate of carbon dioxide compared well with field data. This is the result of the pretreatment of the soil, 
which aimed at avoiding the flush of microbial activity upon wetting. 
The simulated re3ults showed a satisfactory agreement with the experimental data: part of the ex-
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perimental results could be described quantitatively, whereas other data that deviated from the ex-
perimental data could be understood by studying the dynamic behaviour of the model. Hysteresis in 
the soil water retention curve resulted in low values of the gas-filled porosities in the outer shell of the 
partially wetted aggregate, permitting gaseous exchange only through the water phase of soil. As a 
result anaerobiosis occurred. The model is very sensitive for the so-called critical gas filled porosity 
below which no gas-continuous pores exists. The simulated respiratory quotient was seen to be strongly 
affected by transport processes. Therefore, also on theoretical grounds it was concluded that RQ is 
not a sensitive indicator of partial anaerobiosis in soil. 
The objective of this paper is to describe both the experimental respirometer system and the theo-
retical simulation model, and to report some of the measurements. 
INTRODUCTION 
In aggregated soils, intra- (micro) and interaggregate (macro) pores may 
be found. Both types of pores determine the transport properties of the soil 
for water, solutes and gaseous substances. As a result they determine the bio-
logical activity of the soil. The macro pores are a major determinant in the 
transport of substances through the soil from and to the atmosphere, whereas 
the micro pores are important in the transport of substances from the larger 
pores in the soil into and out of the aggregates, structural elements, or more 
generally, the denser structures in the soil. 
Soils accommodate roots and fauna: the roots and the larger animals may 
contribute to the soil's macro pore system, while the microorganisms usually 
are fixed in their environment and act as small factories that transform sub-
stances passing by. The roots and the larger animals need oxygen for their life 
processes. Roots may have aerenchyma enabling them to live in water-satu-
rated soil where oxygen is absent. The larger animals are bound to live above 
the ground water table in the macro pores and the cracks of the soil, which 
are partly created by them. The microorganisms, however, may be highly 
adapted to their environment: different species may live under strict aerobic 
circumstances, or under strict anaerobic circumstances, while some species 
may live in both of these environments. 
In aggregated unsaturated soils, oxygen consumption potentially leading to 
anaerobiosis is mainly confined to the aggregates. Figure 1 depicts some sche-
matic oxygen and water distributions as expected in field aggregates under 
the assumption of a homogeneous distribution of bacteria and organic com-
pounds. When the oxygen consumption rate does not exceed the oxygen sup-
ply rate, anoxic conditions will not develop, and equimolar respiration oc-
curs, as indicated by arrows (Fig. la). Just after rainfall, mainly the outer 
shell of an aggregate will be wetted (Leffelaar, 1979). The oxygen diffusion 
rate in the outer shell is then seriously impeded, and when the oxygen con-
sumption rate exceeds the oxygen supply rate, anoxic conditions arise locally 
(Fig. 1 b). In the center of the aggregate respiration continues to take place 
until the oxygen from the enclosed air has been consumed. Then most of the 
aggregate volume is anaerobic, and anaerobic processes can occur very near 
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Fig. 1. Schematic water and oxygen distributions in soil aggregates: (a) in a dry period, (b) just 
after a rain shower, (c) some time after rainfall. Lengths of arrows indicate relative magnitudes 
of molar source or sink terms. 
to aerobic processes in the outer shell. Subsequent redistribution of water may 
result in a decrease of the anaerobic aggregate volume, and hence of anaerobic 
processes, when the water content in the wetted shell becomes low enough to 
give continuous gas-filled pores permitting rapid oxygen diffusion into the 
aggregate. The distribution of oxygen in Fig. 1 c will be found in initially water-
saturated aggregates that are drying. Upon further drying their oxygen distri-
butions will adjust to that of Fig. 1 a. 
These complicated dynamic interactions between biological and physical 
processes determining the oxygen status of soil and hence the occurrence of 
aerobic and anaerobic processes at the micro scale were studied both experi-
mentally and theoretically. For the experimental study a respirometer system 
was developed that enables us to generate coherent data sets on water and gas 
movement and biological processes occurring on the micro scale. For the the-
oretical study, an explanatory simulation model was developed that includes 
descriptions of these processes. In fact the experimental system was devel-
oped to evaluate the theoretical model, while the theoretical model was needed 
for a more complete interpretation of the measured data. 
The objective of the present paper is to describe the experimental respiro-
meter system, to discuss the explanatory simulation model, and to compare 
the results of an experiment with those of the model. 
MATERIALS AND METHODS 
The experimental soil aggregate on which the measurements of the spatial 
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Fig. 2. Diagram of respirometer system showing soil container, gas collection circuit (stopcocks 
l through 7 and attached devices), oxygen electrodes and gamma ray attenuation apparatus 
with rigid support. 
function of time are performed, is a short cylinder of homogeneously packed 
soil material in which transport processes are radial. This model representa-
tion of a soil aggregate originates directly from Fig. 1. A scheme of the exper-
imental installation is given in Fig. 2. 
Soil 
A sandy loam soil from Lelystad was taken from the surface 0-25 em layer 
and stored under field moist conditions. Some characteristics are: pH (mea-
sured in 4 gram of soil suspended in 10 ml of liquid) in H20 and KCl: 7.8 and 
7 .4, respectively; CaC03 ( Scheibler's method described by Allison and 
Moodie, 1965): 6%; organic carbon (Mebius, 1960): 1.2%; total nitrogen 
(Novozamsky et al., 1984): 0.09%; CEC-BaCh (Bascomb, 1964): 10.1 
cmol( +)per kg of soil; and soil texture (Pipette method described by Day, 
1965) 2 J.lm, 20 J.lm and 50 J.lm: 13, 27 and 32%, respectively. The soil is air-
dryed, pulverized to pass a 0.5 mm sieve, directly remoistened to about 0.1-
0.15 g g- 1 and left in a closed container for at least 6 weeks to let the metab-
olism of microorganisms recover (Birch, 1958, 1959; Fillery, 1983). Remois-
tening is attained by adding an appropriate amount of ice scrapings to soil 
and mixing in a mortar with a pestle. After installing the experimental aggre-
gate in the measuring system, it is left alone for at least a week to let the me-
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tabolism of the microorganisms recover. Then, an experiment is started. This 
pretreatment of the soil effectively prevented the flush of microbial activity 
upon wetting. 
Measuring system 
The measuring system (Fig. 2) was installed in a constant temperature room 
( 22.7 ± 1.5 o C) and is composed of four subsystems: 
( 1 ) Container ( S) which holds the experimental soil aggregate and the ox-
ygen electrodes. 
( 2) A closed gas collection circuit (stopcocks 1 through 7 and attached 
devices) which serves three purposes: 
- it contains enough oxygen to meet the respiratory demand of the microor-
ganisms in the soil aggregate during one experiment. 
- it functions as volumeter to determine net changes in the total volume of 
gas resulting from respiration. 
- it is used to withdraw gas samples to assess gaseous composition by gas 
chromatography. 
( 3) Two polarographic Clark-type oxygen electrodes (Kreuzer et al., 1980) 
to measure oxygen pressure in the center and 4 em from the center of the 
experimental soil aggregate. 
( 4) A gamma ray ( 60 ke V radiation from 241 Am) attenuation apparatus 
(resolution of 1 mm) (De Swart and Groenevelt, 1971 ) to measure the radial 
distribution of soil water content. 
The soil sample of 10 em diameter and a height of 2. 5 em has a density of 
about 1.4 gem- 3, and is radially supported by a wire mesh of more than 70% 
porosity. The compensation reservoir, R, serves to minimize the influence of 
barometric pressure changes. Pressure differences between the gas circuit and 
the compensation reservoir are eliminated by adjusting the water levels in the 
burettes B. The change in burette volume is a measure for the net change in 
gas volume due to respiration in the soil aggregate. The gases in the gas collec-
tion circuit are thoroughly mixed by pump P, before a gas sample is taken 
from gas collection tube G. Gas samples of 0.1 ml were analysed on a Pack-
ard-Becker 427 gas chromatograph using Porapak Q and Molecular Sieve 5A 
columns in series and a thermal conductivity detector. The Clark-type elec-
trodes were selected for their small oxygen consumption, compared with that 
of soil, and their good stability and linearity over 1 to 7 days of use. 
In a typical experiment, the effect of a rain shower on the aggregate was 
mimicked by wetting the aggregate with a small amount of solution contain-
ing potassium nitrate and organic matter (glucose) equivalent to about 65 kg 
ha- 1 ( N and C). Then, the redistribution of water and the dynamics of gases 
inside and outside the aggregate were recorded. At the end of the experiment 
the aggregate was partitioned into five concentric layers of 1 em thickness 
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each, in which gravimetric moisture content and chemical analysis (no data 
reported here) were determined. 
Reliability of the data so obtained was assessed by calculating the propa-
gation of the errors in the measured quantities on the final results by proce-
dures outlined by Berendts et al. ( 1973 ). To this purpose, the errors in the 
measured quantities were evaluated from knowledge about the measuring 
instruments. 
Full technical details, comments on procedures and calculations to obtain 
the data are given in the work by Leffelaar ( 1986). 
SIMULATION MODEL COMPRISING SUBMODELS FOR RESPIRATION, WATER, SOL-
UTES, AND GASES 
An explanatory simulation model was developed for the same geometry as 
depicted in Fig. 2 to calculate the distribution of the relevant state variables, 
here bacteria, water, solutes, and gases, as a function of space and time in an 
unsaturated aggregate in which transport processes are radial. Also the changes 
in atmospheric composition as a function of time, in the chamber that con-
tains the aggregate, are calculated. 
The simulation model comprises four submodels: one for the biological 
process of respiration and denitrification, and three for the transport pro-
cesses of water, solutes (decomposable organic compounds, i.e. glucose), and 
gases (e.g. oxygen, carbon dioxide and molecular nitrogen), respectively. To 
calculate the spatial distribution of the various state variables, the system was 
divided into a number of concentric layers (Frissel and Reiniger, 1974; De 
Wit and van Keulen, 197 5 ) . The interactions between the system compo-
nents are reflected in the interactions between the four submodels. This may 
be demonstrated by the equation of continuity, eq. ( 1), that is solved for each 
mobile substance in each layer: 
aci = _ aJi +P· 
at ax I ( 1) 
Symbols are defined in the Appendix. For instance, the respiration sub-
model calculates different gas production and consumption rates (Pi) in ad-
jacent aggregate layers, because the bacteria in these layers are subjected to 
different environmental conditions. Different production and consumption 
rates result in gradients in the concentration of substance i. When it concerns 
a gaseous substance, in principle also gradients in absolute pressure result. 
The flux Ji includes the diffusive, dispersive and mass flow components. In-
tegration of eq. ( 1 ) with respect to time will give the time course of substance 
i in a layer as a result of the interactions of microbial activity and physical 
transport processes. When a substance is inert, e.g. molecular nitrogen, or 
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immobile, e.g. biomass, the production term or the flux term in eq. ( 1) equals 
zero. 
To develop the submodels, numerous assumptions had to be made. Many 
of these assumptions have been described elsewhere: the respiration and den-
itrification model by Leffelaar and Wessel ( 1988 ); the water flow model by 
Dane and Wierenga ( 197 5); the solute transport model by Bolt ( 1979); and 
the gas transport model by Leffelaar ( 1987, 1988). Therefore, these models 
and their assumptions are merely summarized below. However, the interac-
tions between the submodels of the water with the gases, and with the gas 
production and consumption terms due to respiration, imposed difficulties 
that are not normally envisaged when such models are developed or used sep-
arately. Therefore, these are mentioned in somewhat more detail. 
Respiration sub model 
In the submodel describing respiration, the growth of two groups of heter-
otrophic strict aerobic bacteria, of which a part is capable to grow under an-
aerobic conditions with nitrate as electron acceptor, was calculated by a first 
order rate equation. (The model was originally developed to simulate deni-
trification in the anaerobic part of the aggregate.) The relative growth rate 
was described by a double Monod equation consisting of rate limiting factors 
for carbon substrate and oxygen electron acceptor. Changes in the amounts 
of oxygen and glucose carbon were described by Pirt's equation (Pirt, 1975 ), 
where growth yields and maintenance coefficients of the bacteria are distin-
guished. The release of carbon dioxide was calculated from the difference of 
the consumption rate of glucose and the rate of carbon used to form biomass. 
Thus it was assumed that complete oxidation of the organic matter occurred. 
The microorganisms were assumed to be immobile (Woldendorp, 1981) and 
active. The environmental conditions that affect growth and respiration, i.e. 
organic matter content and electron acceptor, were assumed to equal the con-
centrations of these substances in the water phase of the soil. Soil water con-
tent will thus have a profound influence on these concentrations. First, differ-
ent concentrations directly affect relative growth rates through the Monod 
equation. Second, low water contents will decrease the rate of diffusion over 
short distances ( microdiffusion) of nutrients to bacterial colonies or cells. 
The submodel was developed for a homogeneous soil layer. In the simulation 
model each concentric layer of the aggregate was also assumed homogeneous. 
Therefore, the respiration submodel could simply be applied in each layer of 
the aggregate to yield all of the production terms Pi in eq. 1. 
Water transport submodel 
Water redistribution in the aggregate was calculated by combining Darcy's 





with the continuity equation, eq. ( 1 ), where the production term cancelled 
because roots were absent. Since only horizontal transport of water occurred 
in the aggregate, gravitational head was omitted in eq. (2 ). Both hydraulic 
conductivity (k) and pressure head of soil water (h) were functions of volu-
metric water content ( 8). 
In the experiments (Fig. 4) it appeared that redistribution of water with an 
initial (schematic) distribution as depicted in Fig. 1 b, resulted finally in a 
non-homogeneous radial distribution of water. This was attributed to the hys-
teresis phenomenon that may especially occur in the water retention curve 
(Koorevaar et al., 1983 ). Preliminary attempts to model the redistribution 
process of water in the aggregate without taking hysteresis into account failed, 
because water content was always finally homogeneously distributed. Thus, 
the submodel for water redistribution had to include hysteresis. 
A simulation model describing soil water flow including hysteresis in the 
water retention curve was reported by Dane and Wierenga ( 1975 ). Essen-
tially, the scanning curve for wetting (or drying) was forced to converge to 
the main wetting (or main drying) curve as a function of the difference be-
tween the water content at which a reversal of drying to wetting (or wetting 
to drying) occurred, and the actual water content. The model was attractive 
to use because it combined a reasonable description of the hysteresis phenom-
enon (drawn from tests of the hysteresis function on literature data) with an 
explicit computational scheme similar to that used in the present simulation 
model. Dane and Wierenga's model was reformulated so that variable time 
step integration methods could be used to save computer time. Furthermore, 
the tabular data input of the main drying and main wetting water retention 
curves and the hydraulic conductivity-water content curves in the model was 
replaced by equations described by Van Genuchten ( 1980). The parameters 
in these equations were estimated from measured data by procedures out-
lined by Van Genuchten ( 1978 ). 
The water submodel is not affected by the results of other submodels, though 
in real soil hydraulic characteristics may be affected by entrapped air and gas 
pressure (Chahal, 1966), resulting from gas production and consumption 
processes; the water submodel, however, directly affects the submodels for 
the transport processes of solutes and gases. 
Solute-transport submodel 
Solute transport in the aggregate was calculated by combining eq. ( 3): 
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1 8 des des J. =-Do·~~. · ·--Ld ·II. 1·-+J. ·e w w dx w dx ws (3) 
with the continuity equation, eq. ( 1). The three terms in eq. (3) represent 
Fick's first law for diffusive transport, convective dispersion, and convective 
transport of the solute, respectively. The diffusive flux in soil is reduced com-
pared with that in free water, because the water phase occupies only a fraction 
of the soil volume (8), and the diffusion path has a tortuous geometry (A.w). 
The tortuosity factor, A.w, is an empirical function of the volumetric water 
content, 8. The convective dispersion coefficient, Ld·lfwl, is linearly related 
to the average water flow velocity, lfwl (Bolt, 1979). The concentration of 
solute ( es) refers to the water phase of the soil, for no adsorption of solutes to 
the solid phase is assumed to occur. Numerical dispersion was reduced in the 
simulation program by computing the convective transport (third term in eq. 
3) using the linearly interpolated value for es at the transition between adja-
cent compartments ( Goudriaan, 1973). 
Equation ( 3) was derived and extensively discussed by Bolt ( 1979), and 
it has been applied in numerous simulation studies, e.g. Leistra ( 1972, 1980), 
Frissel and Reiniger ( 197 4), De Wit and van Keulen ( 197 5), Leistra et al. 
( 1980) and Boesten ( 1986). 
It follows directly from eq. ( 3) that the water flow submodel affects the 
transport of the solutes as long as the redistribution process continues; diffu-
sive transport, however, will always be present in moist soil, since bacterial 
activity will hardly ever be similar in adjacent compartments. 
Gas-transport submodel 
Gas transport in the aggregate was calculated by combining eq. ( 4): 
J. _ _ D ... A. • € • deg + 1 . eg g- I) g g dx p e (4) 
with the continuity equation, eq. ( 1 ). The first term in eq. ( 4) represents 
Fick's first law for diffusive transport incorporating area reduction ( €g) and 
tortuosity (A. g), similar to solute transport, but now referring to the gas phase 
of soil. The binary diffusion coefficients, D u, were calculated as described pre-
viously (Leffelaar, 1987). When eventually pressure changes occurred, the 
binary diffusion coefficients were pressure corrected. Diffusive transports 
through the water phase of soil were calculated according to Fick's first law, 
i.e. the first term in eq. ( 4 ), under the assumption that no coupling of gas 
fluxes will occur in water. This seems plausible, because the main interactions 
of dissolved gases will be with the water molecules: water density is about 
three orders of magnitude higher compared with dissolved gas densities. 
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The second term in eq. ( 4) is the product of the pressure adjustment flux 
(Jp) and the relative presence of gas g (cg/c), that serves to maintain equal 
total gas pressures on either side of adjacent soil layers. In fact, the second 
term in eq. ( 4) embodies the coupling of fluxes in multinary gas mixtures 
where water is absent (Leffelaar, 1987). The description of diffusion of gases 
by eq. ( 4) in multinary, isothermal, isobaric, ideal-gas mixtures, where in 
principle differences in total gas pressure were caused solely by unequal bi-
nary diffusion coefficients (D;1), agreed to within 10°/o with results of the rig-
orous gas kinetic theory for such systems (Leffelaar, 1987). The pressure ad-
justment flux in that case was calculated as the sum of the individual gas fluxes. 
The integration of the multinary gas diffusion model in the models for water 
flow and respiration complicates the calculation of the pressure adjustment 
flux. This is so, because in a wet soil, where water movement occurs, differ-
ences in total gas pressure could also be caused by different gas solubilities in 
water, mass flow of gas due to water movement, and different source/sink 
terms in adjacent soil layers, aside from the effect of unequal binary diffusion 
coefficients. To calculate the pressure adjustment flux in the integrated model, 
the previously used assumption that total gas pressure gradients will not occur 
in adjacent soil layers (Leffelaar, 1987), was supplemented with the assump-
tion that partitioning of gases over the water and the gas phase is instanta-
neous and given by the gas solubility coefficients in water. Essentially, the 
total gas pressure in adjacent gas-continuous layers, i.e. layers that have gas-
filled porosities exceeding a certain critical value €~rit, is kept constant by al-
lowing the gas to flow instantaneously between these layers. €~rit is assumed 
to be the value where air permeability is just measurable (LeVan Phuc and 
Morel-Seytoux, 1972). When the initial distribution of water in soil is such 
that in the outer layers €g < €~rit, gas exchange takes place via the water phase, 
and the total gas concentrations in these layers will undoubtedly be different 
from the enclosed gas-continuous layers. As water redistributes, layers at the 
water front will become gas-continuous, and a jump in total gas concentration 
will appear. When also the outer layer becomes gas-continuous, such a jump 
in total gas concentration will occur at the interface of the aggregate and the 
surroundings. The instantaneous adjustment may be compared with the flow 
of bubbles that sometimes occurs from a swamp or when air from an im-
mersed aggregate is suddenly searching its way out ( Stroosnijder and Koore-
vaar, 1972). 
Full details to solve the pressure adjustment flux in the integrated model 
were given by Leffelaar ( 1988 ). 
Numerical calculations were done by a program written in Continuous Sys-
tem Modeling Program III ( CSMP III) language (IBM, 197 5), using the 
variable time step integration method ofRunge-Kutta Simpson, and executed 
on a VAX machine. 
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Mode! parameters 
The procedure followed to assess the simulation model was similar to the 
one proposed by Leffelaar and Wessel ( 1988 ): data not measured during the 
present study were gathered from different authors, and then it was investi-
gated whether it was possible to simulate the overall picture of the experiment 
by modifying some of the gathered data within reasonable limits. 
Aggregate characteristics 
The initial volume of the chamber that contained the aggregate for the re-
ported experiment was 530 cm3• Aggregate dimensions were those of the ex-
perimental system: height and diameter 2.59 and 9.8 em, respectively. Four-
teen concentric layers were distinguished to characterize the space coordinate 
of the model aggregate: 5 layers of 0.2 em, 2 of 0.3 em, 2 of 0.4 em, and 5 of 
0.5 em. The choice of both number and grouping of layers was based on a 
compromise between the need to simulate the expected large gas concentra-
tion gradients in the wet outer soil layers with reasonable accuracy, and to 
optimize the time step used for the Runge-Kutta Simpson integration method 
both with respect to maintaining numerical stability and to minimize round-
off errors in this single precision integration algorithm. Soil porosity, 0.478 
cm3 cm- 3, was calculated from the volume and amount of soil, using a parti-
cle density of2.65 g cm- 3 • Gas pressures in the soil layers and in the chamber 
that contained the aggregate were initiated according to the gas composition 
used to flush the respirometer system: 19.525 kPa and 81.8 kPa for oxygen 
and neon, respectively. Neon was used so that molecular nitrogen from deni-
trification could be measured. The amount of solution added to the aggregate 
at the start of the simulation was 43.2 cm3; it contained 3.0 g I-' of glucose 
and 8.44 g 1- 1 of potassium nitrate, so that the amounts of C and N applied 
were similar to those in the experiment. 
Microbiological characteristics 
The model also contains a routine to describe anaerobic respiration due to 
denitrification, the process where nitrite, nitrous oxide and molecular nitro-
gen are formed from nitrate. The parameterization of the anaerobic part was 
described in Leffelaar and Wessel ( 1988 ), while the parameterization for the 
aerobic part was given in Leffelaar ( 1988). 
Some essential parameters used are: initial amount of biomass: 1 o- s kg C 
per kg of dry soil; maximum relative growth rate 0.75X 10-s s-'; the half 
saturation value for oxygen respiration in water saturated soil crumbs: 1 o- 3 
mol 0 2 m- 3 H20 (Greenwood, 1961 ) ; half saturation value on glucose: 0.017 4 
kg C m- 3 H20 (Shah and Coulman, 1978); maximum growth yields and 
maintenance coefficients on glucose as carbon source with oxygen as electron 
acceptor: 0.503 kg B kg- 1 C and 0.212X 10-s kg C kg- 1 B s- 1, respectively; 
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similar values for oxygen (needed to calculate the oxygen consumption rate) 
were 0.65 kg B kg- 1 0 2 and 0.382X 10- 5 kg- 1 0 2 kg- 1 B s- 1, respectively. 
Hydraulic characteristics 
Initial water distribution was given by the water content measurement at 
the start of the experiment, Fig. 4. The main water retention curves and the 
hydraulic conductivity curves for the sandy loam soil from Lelystad are de-
picted in Fig. 3. Experimental details were given by Leffelaar ( 1988). The 
dashed water retention curves in Fig. 3 were obtained by the optimization 
procedures by Van Genuchten ( 1978); the continuous hand-drawn envelop 
curves produced the best agreement between measured and simulated water 
contents, however. Therefore, these were used to produce the data presented 
below. Assuming that the aggregate followed the main drying curve before the 
solution was added, initiation of pressure head in each compartment was car-
ried out according to the primary wetting scanning curve that is also shown 
in Fig. 3. To calculate the scanning curves, a hyperbolic type of equation: 
y=a/( 18-Brl +a) 
was used (Dane and Wierenga, 197 5 ) : when the difference between the water 
content where a reversal from e.g. drying to wetting occurs (Or) and the ac-
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Fig. 3. Experimental (0: desorption; 6: sorption), curve-fitted (dashed line, Van Genuchten, 
1978 ), and hand-drawn envelope (solid line) soil water retention curve that produced the best 
agreement between measured and simulated water contents, and primary wetting scanning curve 
used for initiation of model; calculated (solid line, Van Genuchten, 1978) relative hydraulic 
conductivity curves based on hand-drawn water retention curves, for the Lelystad sandy loam. 
WATER MOVEMENT, OXYGEN SUPPLY AND BIOLOGICAL PROCESSES ON THE AGGREGATE SCALE 15 5 
tual water content ( 8) equals a, the scanning curve is halfway between the 
main water retention curves. The pressure head at the actual water content is 
then given by the sum of the pressure head at the main drying curve times y, 
and the main wetting curve times ( 1 - y). Parameter a in the hyperbola was 
taken as 0.01 m3 m- 3 (Dane and Wierenga, 1975). 
The hydraulic conductivity-water content curves in Fig. 3 were calculated 
from the envelop water retention curves by procedures outlined by Van Gen-
uchten ( 1978 ): these calculations gave the relative hydraulic conductivity 
curves, however, and a matching point was needed, e.g. the saturated hy-
draulic conductivity. The saturated hydraulic conductivity, 5X 10- 7 m s- 1, 
was obtained following the constant head method described by Kessler and 
Oosterbaan ( 1974 ). Preliminary simulation runs showed that the rate of water 
redistribution hardly affected the course of other processes since gas-conti-
nuity between the aggregate and the surroundings did not occur at the final 
water distribution. Therefore, solely to reduce computer time, the saturated 
hydraulic conductivity was taken as 5 times smaller. 
Transports characteristics in the water phase 
The diffusion coefficient for glucose at 25°C was 6.7x 10- 10 m2 s- 1 (Har-
remoes, 197 8). Diffusion coefficients at about 20 o C for oxygen, carbon diox-
ide, and molecular nitrogen in water were 20x I0- 10, 16.5X 10- 10, and 
22 X 10- 10 m2 s- t, respectively (Harremoes, 1978 ). From the preliminary 
simulation runs it appeared that hardly any gaseous exchange between the 
interior of the aggregate and the surroundings occurred when these literature 
data were used. The experimental findings, however, show that exchange of 
gases between the aggregate and the surroundings was much more pro-
nounced. Assuming that gaseous transports through the water phase of soil 
were well described, it seems probable that in the experimental aggregate these 
transports were enhanced, e.g. through small cracks in the outer part of the 
aggregate or perhaps along the top cover of the soil container (see Fig. 2 ) . In 
an attempt to take account of this enhancement in gaseous exchange, the dif-
fusion coefficients of gases in water were set 10 times higher compared with 
the literature values for pure water. Gas solubility coefficients at 20oc and 1 
atmosphere for oxygen, carbon dioxide, molecular nitrogen, and neon were 
reported by Wilhelm et al. ( 1977). The relationship between the tortuosity 
factor for diffusion of solutes and gases in the water phase and soil water con-
tent were taken from a literature compilation by Leistra ( 1978). The value 
for the dispersion length ( Ld) for this fine packed soil was suggested by Prof. 
G.H. Bolt (pers. commun.) as 0.001 m. 
Transport characteristics in the gas phase 
Parameters and equations needed to calculate binary diffusion coefficients 
were reported previously (Leffelaar, 1987). As a first approximation, the tor-
tuosity factor for diffusion of gases in the gas phase, Ag, was represented by 
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the same relationship as the one used for solutes in the water phase: for the 
gases it was related to the gas-filled porosity, however. The value for the gas-
filled porosity where soil was considered gas-continuous, €~rit, was taken as 
0.063 m3 m- 3• This value was simply just sufficient to prevent gas continuity 
throughout the aggregate. The preliminary simulations showed that when 
€~rit was taken slightly smaller, gas continuity occurred and anaerobiosis 
quickly disappeared: such results were contradictory to the experimental 
findings and it was thus concluded that no gas-continuity had occurred in the 
experiment. The value of about 6% for the critical gas-filled porosity was near 
to experimental values found by Le Van Phuc and Morel-Seytoux ( 1972), 
and Corey ( 1957). 
RESULTS AND DISCUSSION 
One representative experimental data set on the distribution of water and 
gases is presented in Figs. 4, 5 and 6 for the Lelystad sandy loam soil, in which 
the anaerobic process of denitrification, which also produces C02, could oc-
cur. Data points originate from the experiments, whereas the lines were pro-
duced by the simulation model. 
Figure 4 shows the volumetric water distribution at the start of the experi-
ment and at the end after 45 hours. The methods to measure water content 
were evaluated by comparing the water balance as calculated from the gamma 
ray attenuation method at the start and the end of the experiment with data 
from the gravimetric moisture measurement at the end. These yielded vol-
0.4 
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0.2 t (h) 
outside to centra • • .. .l 
centre to outside o o 
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Fig. 4. Experimental and simulated volumetric water distribution in the soil aggregate (center 
at distance 4. 9 em) at start and end of experiment. 
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umes of 71.2 ± 0.6, 72.0 ± 0.6 and 71.0 ± 0. 7 ml, respectively, which was con-
sidered very satisfactory. 
After about 24 hours water redistribution was complete (data not shown), 
even though a homogeneous volumetric water content (0.363 ± 0.008) was 
not attained. This indicates that a homogeneous suction distribution was at-
tained in the soil aggregate combined with a heterogeneous water distribution 
due to hysteresis in the soil water characteristic. In the absence of hysteresis, 
the air-filled porosity at equilibrium ( 0.115 cm3 em - 3 ) would have been suf-
ficient to let oxygen diffuse into the aggregate and to stop anaerobic processes. 
In the presence of hysteresis, however, a small amount of added water is suf-
ficient to decrease gaseous diffusion to such an extent, that the oxygen con-
sumption is not met, resulting in anaerobiosis. The volume of air-filled pores 
in the outer shell of the aggregate remained close to zero, even after 45 hours. 
The simulated redistribution of the volumetric water distribution in Fig. 4 
was essentially completed after 12 hours. The simulated curve is not smooth, 
since plotted water contents were obtained by weighing and summing the water 
contents of the concentric layers that coincided with a measuring location: 
thus plotted data refer to the rectangular geometry of the water measurements 
obtained by gamma radiation (De Swart and Groenevelt, 1971 ). The major 
portion of the simulated curve and the data points match well. At the outside 
of the aggregate, however, the simulated water content is about 3% lower than 
the experimental value, and consequently the air-filled porosity at the outside 
was that much higher. The critical air-filled porosity in the simulation was so 
chosen (0.063 cm3 em - 3 ), that no gas continuity would occur after the redis-
tribution of water, in accordance with the experimental findings. When the 
critical air-filled porosity was taken slightly lower, however, the aggregate be-
came gas-continuous in the course of the simulation and anaerobiosis disap-
peared quickly. It thus appears that air-filled porosity is a determining factor 
in the regulation of oxygen status of soil, at least at the micro-scale. 
Figure 4 shows that the exchange of gases between the soil and the gas col-
lection circuit took place through the water phase, and it was expected that 
the aggregate would remain anaerobic after the oxygen in its interior was con-
sumed. Figure 5 confirms this expectation. The data points show oxygen pres-
sure in the aggregate center to equal zero after 13 hours, while the peripheral 
oxygen pressure remains about 2 kPa. Outside the aggregate, however, and 
after 45 hours, the amount of oxygen had decreased by only 19.5 ml (Fig. 6), 
corresponding to an oxygen pressure of 15.7 kPa. Oxygen flux can be ob-
tained by differentiating Fig. 6 with respect to time. Oxygen flux density is 
then obtained by dividing this quantity by the surface area of the aggregate 
(79.7 ± 1.0 cm2 ). At 21 hours the oxygen flux density amounted to 2.7 ± 10.8 
1 0 2 m- 2 day- 1 (the large confidence interval is discussed below). This value 
compares favourably with field measurements in bare soil (Russell, 1973 ). 
Figure 6 also shows the evolution of carbon dioxide. The oxygen and car-
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Fig. 5. Experimental and simulated oxygen pressure in center and 4 em from center (periph-
eral) of soil aggregate as function of time. 
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Fig. 6. Experimental and simulated volume of oxygen (lefty-axis) and carbon dioxide (right y-
axis) in gas collection circuit as function of time. 
bon dioxide curves form complementary S-shaped curves. The amounts of 
oxygen consumed ( 20 ± 3 ml) and carbon dioxide produced ( 23 ± 0. 5 ml) in 
45 hours were practically the same. This resulted in a respiratory quotient, 
defined as the ratio of the volumetric rates of carbon dioxide production and 
oxygen consumption, of about one. In a partially anaerobic soil, however, 
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only a portion of the soil is consuming oxygen, while the whole is producing 
carbon dioxide and the respiratory quotient is expected to exceed one. There-
fore, the respiratory quotient is not a sensitive measure to decide whether a 
soil is partially anaerobic. Russell ( 1973) and Glinski and St~pniewski 
( 1985 ), however, state the opposite with regard to the sensitivity of the res-
piratory quotient. The C02 curve in Fig. 6 was also used to calculate the flux 
density at 21 hours and yielded 3.7± 1.31 C02 m- 2 day- 1• This value is of 
the same order of magnitude as field data of DeJong et al. ( 1979 ), though 
these authors measured C02 evolution in a cropped soil. The confidence in-
terval in the 0 2 consumption rate is large compared to that in the C02 pro-
duction rate. This is caused by the propagation of the error in the measured 
amount of 0 2 which is determined by the difference of two large numbers. 
The reasonable error in the measurement of C02 makes it a more appropriate 
measure to assess soil activity. 
Figure 5 shows the simulated results of oxygen pressures in the aggregate 
center and the periphery to equal about zero after 14 h. The oxygen pressure 
curves show satisfactory similarity to the experimental findings. The experi-
mental results of peripheral (triangles) and central (dots) electrodes coin-
cided up to about 10 hours; after about 14 hours only the experimental results 
of the central electrode coincided with the simulated results. The simulated 
results show an interesting feature of the model: when the layer where the 
peripheral oxygen electrode is located becomes gas-continuous after about 2.5 
hours, a pressure jump occurs. Hereafter, the simulated results of both the 
electrodes coincide. The feature of the pressure jump has a number of aspects. 
First, the oxygen pressure in the layer that has become gas continuous was 
about 4 kPa lower than in the adjacent series of gas-continuous layers before 
the pressure jump occurred; hardly any gradient in oxygen pressure occurred 
in these adjacent gas-continuous layers. Thus, gaseous transport through the 
water phase was very limited. Second, this jump or a more gradual change in 
oxygen pressure was not found in the experimental results. Therefore, it is 
very probable that internal gas-continuity has been present in the layers where 
the oxygen electrodes were located in the experiment, resulting in similar 
electrode readings. Third, such pressure jumps focus attention to the practical 
problem of measuring oxygen pressure by polarographic Clark-type oxygen 
electrodes. The calculated absolute pressure in the layer that became gas-con-
tinuous was 86.9 and 103.9 kPa before and after the jump, respectively. Since 
changes in absolute pressure cause proportional changes in oxygen pressure, 
Clark-type oxygen electrode measurements will be directly affected (Fatt, 
1976 ). 
Figure 6 shows that the oxygen outside the simulated aggregate decreased 
much slower than in the experiment. Oxygen decrease is determined by the 
respiration rate and the volume of the aerobic outer shell of the aggregate, 
Fig. 1 b. Introduction of higher aerobic respiration rates in an attempt to bet-
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ter match the experimental decrease of oxygen in the soil container, however, 
caused a proportionally faster decrease of the oxygen pressures at the loca-
tions of the electrodes. Thus, the enhancement in gaseous exchange between 
the aggregate and the surroundings was stronger than that attained by the 1 0 
times higher diffusion coefficients in the water phase (see section about model 
parameters), and a greater part of the soil volume did participate in oxygen 
respiration in the experiment. The ratio of oxygen flux density at 21 h in the 
experiment (2.71 0 2 m- 2 day- 1 ) to that of the simulation (0.61 102 m- 2 
day- 1 ) would suggest that the aerobic shell in the experiment was about four 
times larger than that in the simulation. Since oxygen penetration in the sim-
ulation equalled about 0.2 em, this would mean that in the experiment oxygen 
penetrated into the aggregate to a depth of about 0.8 em. This is very near to 
the peripheral electrode, that in fact stabilized at about 2 kPa in the experi-
ment, Fig. 5. 
Figure 6 also shows the evolution of carbon dioxide. It is seen that the sim-
ulated curve lags behind compared with the experimental one, similarly as in 
the case of the oxygen curve. This will be caused in part by the low carbon 
dioxide transport rate, and in part by a similar reasoning as in the case of 
oxygen: due to low gas transport rates, the aerobic soil volume participating 
in aerobic respiration will be smaller, and thus carbon dioxide production 
under aerobic conditions will be lower, and a smaller amount of this gas is 
transported into the soil container. Though the simulated curve lags behind 
compared with the experimental one, it is near complementary to the simu-
lated oxygen curve, resulting in a respiration quotient of about one, similar to 
the experimental data. In fact, the respiration quotient behaved as a damped 
oscillation (0.4 ( 1 h) -+ 1.27 (8 h) -+ 1.44 ( 12 h) -+ 0.97 (23 h)-+ 1.0 (28 
h) ) and stabilized after 28 hours. One would expect higher final values, how-
ever, since the whole of the aggregate was producing carbon dioxide, while 
only the outer shell consumed oxygen. However, it appeared that a model run 
in which no anaerobiosis occurred, gave a stable respiration quotient of about 
0.45. This implies ( 1 ) the aerobic RQ is too low for the organic matter used 
(glucose) and some of the microbiological parameters should be assessed 
anew, and ( 2) an RQ of 1 under partially anaerobic conditions in the model 
indicates anaerobiosis. When the literature values of the gas diffusion coeffi-
cients were used the sequence of respiration quotients was ( 0.4 ( 1 h) -+ 0.6 
(3 h)-+ 0.9 (11 h)-+ 1.66 (16 h)-+ 2.44 (45 h)), and no stabilization 
occurred. These simulated findings demonstrate a strong influence of trans-
port processes on the respiration quotient of soil. This leads to the conclusion 
that the respiration quotient is not a sensitive measure to decide whether a 
soil is partially anaerobic. 
No experimental microbiological data could be gathered till now. 
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CONCLUDING REMARKS 
The data presented show that the respirometer system enables us to mea-
sure the course in space and time of the state variables which determine the 
oxygen distribution in soil. For a full explanation of the relationships between 
the measured data, however, the simulation model describing the interactions 
between the active biomass, transport processes of water, gases, and nu-
trients, and storage factors like different solubilities of gases in soil water is 
needed. Thus, the measurements are gathered to evaluate the simulation 
model, but the simulation model is needed for a full, or at least a more com-
plete, interpretation of the measured data. The model gives a satisfactory de-
scription of the soil biological system studied: part of the experimental results 
could be described quantitatively, e.g. water distribution and the time course 
of the oxygen pressure at the experimental positions of the electrodes, whereas 
other data that deviated from tlie experimental data, e.g. consumption rate of 
oxygen and production rates of carbon dioxide, could be understood by 
studying the dynamic behaviour of the model. 
This study gives rise to the following conclusions about a number of physi-
cal soil properties that are usually not measured or considered in the soil 
physics literature with respect to biological processes in soil: 
( 1 ) the critical gas-filled porosity, €~rit, below which gaseous transports take 
place only through the water phase, is a determining factor in gaseous ex-
change in soil; 
( 2) soil water hysteresis is important in causing a non-homogeneous soil 
water distribution at a homogeneous pressure head distribution, implying that 
a small amount of added water is sufficient to decrease the gas-filled porosity 
to values smaller than the critical gas-filled porosity; 
( 3) water redistribution has a significant effect on the biological processes 
only in so far as it determines the period during which there are no continuous 
air-filled pores open to the surface; 
( 4) soil respiration may cause differences in soil atmospheric pressure in 
the enclosed gas continuous part of the soil, which may affect soil hydraulic 
characteristics (Chahal, 1966 ) ; 
( 5 ) the exchange of gases between aggregate and surroundings is seriously 
underestimated when it is fully ascribed to diffusion through the water phase 
of gas-discontinuous soil layers: the model suggests that enhancement of gas 
exchange occurs, perhaps through small cracks in the outer part of the aggre-
gate or along the top cover of the soil container; 
( 6) total gas pressure jumps, as simulated by the model, might affect the 
measurement of oxygen pressure by polarographic oxygen electrodes, though 
it remains to be investigated whether such pressure jumps will actually occur 
in field soil. 
This study showed that the parameterization of the model is a major prob-
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lem that needs attention first. Therefore, amore extensive exploration of both 
the experimental respirometer system and the theoretical simulation model 
is intended: the model will be used first to plan experiments with respect to 
the respirometer system, second to help interpret the data so obtained, and 
third to investigate the relative importance of a number of parameters in a 
sensitivity analysis. Furthermore, the model may be used to study trends and 
interactions between biological activity and transport processes in the 
aggregate. 
In this study the form of the aggregate was mathematically ideal and respi-
ratory activity was homogeneously distributed in the soil. It depended only 
on environmental conditions that resulted from the interaction of biological 
activity and transport phenomena. This is why we could apply a model that 
calculates the dynamics of water, nutrients, oxygen and biological activity as 
a function of the distance from the outside of the aggregate. In field soils, no 
mathematically ideal forms exist and the question arises whether soil geome-
try as we find it in the field should be directly used in modelling, or that for 
instance an aggregated soil should be idealized in the form of porous spheres, 
as worked out by Smith ( 1977, 1980) and Leffelaar ( 1979), or that it would 
be most appropriate to develop a soil model that shows no visual, but a phys-
ical resemblance with the soil profile. An operational method that enables one 
to derive a model soil with similar diffusive properties as the soil it originates 
from, was developed by Rappoldt ( 1990). The starting point of his method 
is that for each point in the soil there is a shortest distance to the nearest 
macro pore or crack. The distribution of these distances characterizes the ge-
ometry of the soil. A model system can now be derived that has the same 
distribution of distances as the real soil, but has a much simpler geometry. 
The model system consists of soil cylinders with different radii: small cylin-
ders represent the soil mass near cracks; the larger cylinders represent the soil 
mass further away from the cracks. Diffusive transport in the real soil agge-
gates or structural elements is described then by solving a diffusion equation 
for the model system. Rappoldt also shows however, that a non-uniform dis-
tribution of soil activity seriously disturbs the correspondance between the 
anaerobic soil fraction and the distribution of distances ( Rappoldt, 1992). 
This means that studies on the process level, as described in the present pa-
per, have to be supplemented with studies describing the distribution of res-
piratory activity in soil. 
APPENDIX 
a half transition constant in hysteresis hyperbola, for explanation m3 m -J 
see text 








concentration of substance i. When i = g, it refers to gas, and 
units are either mol m-3 of gas phase or mol m - 3 H20; when 
i = s, it refers to solute, and unit is kg m - 3 H20 
total molar gas concentration in general, c= L: Cg 
g 
concentration of substance i with respect to volume of soil. When 
i = g, it refers to gas, and amount is mol; when i = s, it refers to 
solute, and amount is kg; when i=w, it refers to water, and 
amount is m3 H20. Symbol is only used in the equation of con-
tinuity, eq. ( 1 ). 
diffusion coefficient of solute or gas in free liquid water 
binary diffusion coefficient of gas pair i-j in free air 
pressure head of soil water. h is a function of volumetric water 
content 
flux of substance i. When i=g, it refers to gas, and amount is 
mol; when i=s, it refers to solute, and amount is kg; when i=w, 
it refers to water, and amount is m3 H20 
pressure adjustment flux 
hydraulic conductivity. k is a function of volumetric water 
content 
dispersion length parameter 
net production term of substance i. When i = g, it refers to gas, 







weight factor: outcome of hyperbolic equation that forces a 
scanning curve towards one of the main water retention curves 
(O~y~ 1) 
volumetric gas content 
critical gas content where gas phase in layers is just discontinuous 
volumetric water content 
turtuosity factor. When i = w, tortuosity in water phase; when 
i = g, tortuosity in gas phase. A.w and A.g are functions of() or fg, 
respectively 
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